Downconversion of one visible photon into two infrared photons has been reported for the lanthanide ion couple ͑Pr 3+ , Yb 3+ ͒ in a variety of host lattices. The mechanism responsible for downconversion is controversial and has been reported to be either a two-step energy transfer process ͑via two first-order transfer steps, the first being cross relaxation͒ or cooperative energy transfer from Pr 3+ to two Yb 3+ ions ͑a second-order process͒. Here we report experiments on downconversion for the ͑Pr 3+ , Yb 3+ ͒ in LiYF 4 . Luminescence decay curves of the Pr 3+ emission are recorded as a function of the Yb 3+ concentration and analyzed using Monte Carlo simulations for both cooperative energy transfer and energy transfer through cross relaxation. We obtain a good agreement between experiment and simulations for energy transfer by cross relaxation but not for cooperative energy transfer. The observation that cross relaxation is more efficient than cooperative energy transfer is consistent with Judd-Ofelt calculations for the transition probabilities involved in the two energy transfer processes and the lower probability for the second-order cooperative transfer.
I. INTRODUCTION
To boost the energy efficiency of solar cells, spectral conversion of the solar spectrum is a promising option. [1] [2] [3] Spectral mismatch losses account for over 60% of the energy losses in a solar cell: low-energy photons are not absorbed ͑transmission losses͒ while absorption of high-energy photons is followed by a rapid relaxation of hot charge carriers to the band edges of the semiconductor ͑thermalization losses͒. 4 Lanthanide ions are suitable candidates for efficient spectral conversion. Upconversion ͑adding two low-energy photons to one give one higher-energy photon͒ with lanthanides has been studied for decades. 5 Recent "proof of principle" experiments have demonstrated that it can be used to enhance the solar-cell efficiency. 6, 7 Work on downconversion ͑cutting one high-energy photon into two lower-energy photons͒ is limited in comparison to upconversion studies. 8 Recently efficient downconversion for solar cells was reported in the ͑Tb 3+ , Yb 3+ ͒ couple. 9 Following this work, downconversion was reported for a variety of other lanthanide ion couples including ͑Pr,Yb͒, ͑Tm, Yb͒, and ͑Er, Yb͒. [10] [11] [12] [13] Contrary to the detailed studies on the upconversion mechanisms in lanthanide-doped upconversion materials ͑see, e.g., Ref. 5͒, research on the downconversion mechanisms is limited. For the ͑Tb 3+ , Yb 3+ ͒ couple the energy transfer mechanism has been established: analysis of the luminescence decay curves of the donor emission ͑Tb 3+ ͒ as a function of the acceptor concentration ͑Yb 3+ ͒ using Monte Carlo simulations demonstrated that energy transfer occurs through a cooperative dipole-dipole mechanism. 9 In subsequent papers on downconversion in the ͑Pr 3+ , Yb 3+ ͒ and ͑Tm 3+ , Yb 3+ ͒ couples, it was assumed that here also the energy transfer mechanism was cooperative energy transfer. 13, 14 We reported on efficient downconversion for the ͑Pr, Yb͒ couple in SrF 2 and indicated that for this couple a resonant two-step energy transfer process is more probably than the second-order cooperative energy transfer process. 11 However, no convincing evidence for either mechanism has been reported. In Fig. 1 Valid arguments were provided for both mechanisms: the relatively weak dipole oscillator strength of the 3 P 0 → 1 G 4 transition may prevent the cross-relaxation step. On the other hand, a second-order process for energy transfer is typically 10 3 less probable than a first-order process which gives cooperative energy transfer a low probability. Indeed, for the Tb, Yb couple efficient energy transfer was only observed for high Yb 3+ acceptor concentrations. 9 It is the aim of this paper to elucidate the energy transfer mechanism for downconversion in the ͑Pr, Yb͒ couple. To do this, the luminescence decay curves of the donor emission ͑ 3 P 0 emission from Pr 3+ ͒ were measured as a function of the acceptor ͑Yb 3+ ͒ concentration and analyzed, both with analytical solutions and with Monte Carlo simulations. As a model system LiYF 4 was chosen as host lattice. The relatively high symmetry ͑Scheelite structure͒ of this host makes it simpler to model the acceptor configurations around the donor. Modeling of the decay curves demonstrates that the dominant mechanism for energy transfer from the 3 P 0 level of Pr 3+ to Yb 3+ is cross relaxation via dipole-dipole interaction and not cooperative energy transfer. The relaxation rates are proportional to the dipole strengths of the 3 P 0 → 1 G 4 and 3 P 0 → 3 H 4 transitions. We used Judd-Ofelt theory to determine the ratios of these two dipole strengths. The 3 P 0 → 1 G 4 dipole strength is estimated to be a factor of 20 smaller than the 3 P 0 → 3 H 4 dipole strength. However it would have to be a factor of 1000 smaller for the cooperative process to be competitive with cross relaxation since the cooperative is a second-order effect.
II. EXPERIMENTAL
Crystalline powder samples were prepared of LiYF 4 :Pr 3+ ͑0.5%͒ co-doped with Yb 3+ ͑0%, 2%, 5%, 10%, 20%, and 40%͒ by solid-state techniques. LiF ͑5% molar excess͒, PrF 3 , YbF 3 , and YF 3 were thoroughly mixed and NH 4 F was added to create a fluoride environment in the atmosphere to reduce the incorporation of oxygen in the lattice. We then annealed the samples at 675°C in a nitrogen atmosphere. The crystal structure of the samples was checked with x-ray powder diffraction. The XRD patterns show no evidence for the presence of a second crystalline phase ͑such as oxyfluorides͒ which indicates that within the detection limit of XRD ͑ϳ1%͒ the samples are phase pure.
Diffuse reflectance spectra were recorded using a spectrometer with an integrating sphere ͑Perkin-Elmer Lambda 950͒. We measured emission spectra on a SPEX DM3000F spectrofluorometer with a 450 W xenon lamp with a 0.22 m excitation monochromator for excitation while the emission was detected with a Princeton Instruments 300i charge coupled device detector coupled to a 0.3 m Acton Research monochromator. Excitation spectra were measured with an Edinburgh Instruments FLS 920 spectrofluorometer with a Hamamatsu R928 photomultiplier tube ͑PMT͒ for the 400-800-nm wavelength range or a liquid-nitrogen-cooled Hamamatsu R5509-72 PMT for the 800-1600-nm range. Luminescence decay curves were measured under pulsed excitation with a LPD3000 dye laser ͑Coumarin 102 dye, 481 nm͒ pumped by a Lambda Physik LPX excimer laser ͑XeCl, 308 nm͒. The decay traces were recorded with a digital oscilloscope ͑Tektronix 2440͒.
III. MODELING
The variation of luminescence decay curves for the donor emission as a function of the acceptor concentration is strongly dependent on the energy transfer mechanism. 9 In case of first order energy transfer by cross relaxation through dipole-dipole interaction, the energy transfer rate from the Pr 3+ ion in the 3 P 0 excited state will show a 1 / r i 6 distance dependence for transfer to every Yb 3+ acceptor i in the surroundings. In case of cooperative energy transfer through dipole-dipole interaction, the distance dependence is more complicated and follows a 1 / ͑r i 6 r j 6 ͒ dependence to every pair ͑i , j͒ of Yb 3+ acceptors around the Pr 3+ donor. To model the experimentally measured decay curves for the different Yb The methodology we used for the modeling has been described in detail in Ref. 9 . For each configuration ͑which is a specific distribution of Yb 3+ acceptors at distances r i around the Pr 3+ donor͒ the decay is given by a single exponential
Here t is the time, ␥ r is the radiative decay rate of the 3 P 0 state of Pr 3+ in LiYF 4 and ␥ tr is the energy transfer rate to all Yb neighbors at distances r i . For single-step energy transfer via dipole-dipole interaction, the transfer rate is given by
C cr is a fitting parameter for energy transfer by cross relaxation through dipole-dipole interaction. In case of energy transfer through the cooperative dipole-dipole mechanism, the transfer rate from the Pr 3+ donor to a pair of Yb 3+ acceptors, at distances r i and r j is given by
C coop is a fitting parameter for energy transfer through cooperative energy transfer via dipole-dipole interaction. The experimental decay curves result from an ensemble average of the different configurations. Therefore an ensemble average signal is calculated:
where ͗ ͘ denotes ensemble averaging over 20 000 configurations. The equations given here are equivalent to the description in Ref. To compare the experimentally observed decay curves for the different Yb 3+ concentrations with the simulated curves, we fitted the decay curves observed for the sample with 2% Yb 3+ . The parameters obtained were used to simulate the decay curves for all other concentrations ͑without further fitting͒.
In addition to modeling using Monte Carlo simulations, also a fitting procedure using analytical solutions was done. The same expressions for the transfer rate were used as for the Monte Carlo simulations. The probability for a certain configuration was not obtained through the averaging by Monte Carlo simulations but calculated assuming a statistical distribution of the acceptor ions. From the crystal structure of LiYF 4 it is possible to calculate the number of Yb 3+ ions in each shell at distance r i around the donor ion. The probability for a specific configuration with n Yb 3+ ions in the various shells is given by
The product runs over all shell surrounding the Pr 3+ ion, c Yb is the fraction of Yb 3+ ions, N Sh is the number of rare-earth sites in the shell and n Yb is the number of Yb 3+ ions in this shell. In the fits to the analytical expressions, the number of shells included was varied between 2 and 7. The nearestneighbor shell includes four neighbors at 3.7 Å up while the seventh shell has also four neighbors at 8.5 Å. 3+ concentration the operative energy transfer mechanism can be deduced. The experimentally measured decay curves were simulated using Monte Carlo simulations ͓Eq. ͑4͔͒ were ␥ tr was determined for both cross-relaxation ͓Eq. ͑2͔͒ and cooperative energy transfers ͓Eq. ͑3͔͒. In Fig. 5 the solid lines present the best fit obtained for energy transfer via cross relaxation and the dashed lines represent the best fits obtained for cooperative energy transfer. The colors correspond to the different Yb 3+ concentrations and the fitted curves should overlap with the experimental curves of the same colors. The fit parameters are tabulated in Table I .
IV. RESULTS AND DISCUSSION
Comparison of the experimentally measured decay curves and the fitted curves show that for 0% and 2% Yb 3+ concentration both mechanisms fit the data fairly well. For higher concentrations only the cross-relaxation model gives a good description of the experimentally observed decay curves. For the 0% and 2% the good agreement is obvious: for 0% in both models the decays are described by the radiative decay ͑no contribution from energy transfer͒ and the decay curves for the 2% Yb 3+ were used to determine the fit parameters C cr and C coop . We used these fit parameters to simulate the decay curves for the higher Yb 3+ concentrations. The simulated decay curves based on energy transfer via cross relaxation describe the experimentally observed decay behavior quite well for all Yb 3+ concentrations. The decay curves simulated for energy transfer via cooperative energy transfer strongly deviate from the experimentally observed decay. Clearly, the value obtained for C coop needed to describe the energy transfer through cooperative energy transfer for this low Yb 3+ concentration, is high and results in very efficient cooperative energy transfer upon raising the Yb 3+ concentration.
The good agreement obtained between the simulation using the cross-relaxation mechanism and experimental results shows that the operative energy transfer mechanism is cross   FIG. 4 relaxation, which shows that downconversion occurs through resonant two-step energy transfer and not cooperative energy transfer. At high concentrations there may also be a contribution from resonant energy transfer to a real excited state of an exchange coupled Yb 3+ pair. This specific type of energy transfer has not been included in the analysis since we do not have a good model to do this and previous results show that the cooperative mechanism describes the data well in ͑Y,Yb͒PO 4 , even at the highest concentrations. 9 Figure 6 shows the results of the analytical calculations, where we used the probability distribution function ͓Eq. ͑5͔͒, to calculate the distribution of the Yb 3+ ions for given concentrations. The energy transfer rate was calculated only for the first-order mechanism ͓Eq. ͑2͔͒. For comparison we also plotted the experimental data ͑gray dots͒ and the Monte Carlo simulations for the first-order energy transfer. The dashed, dotted, and dashed-dotted lines are analytical results including two, four, and seven shells, respectively, and the colors represent different Yb 3+ concentrations. There is a large difference between the analytical calculated results and the Monte Carlo simulated results, when only two shells are included. Including more shells rapidly improves the results but there is still significant difference between the analytical and Monte Carlo simulated results when seven shells are included. This indicates that energy transfer over longer distances ͑over 8.5 Å, the distance to neighbors in the seventh shell͒ is not negligible and contributions to the observed decay behavior. Especially in the longer time regime where slow energy transfer to distant neighbors is observed.
As was stated in the introduction, there have been valid arguments for both first-order and cooperative energy transfer in the ͑Pr 3+ , Yb 3+ ͒ couple. We will take a closer look at these arguments here. If energy transfer through cross relaxation occurs, the first step in this process is the Pr 3+ 3 P 0 → 1 G 4 transition. However this transition has a weak dipole oscillator strength, which can be calculated with the JuddOfelt theory. 16, 17 For the calculations the U ͑͒ ͑ =2,46͒ reduced matrix elements for the various transitions are needed. Unfortunately, the well-known tables published by Carnall et al. 18 of reduced matrix elements do not include the reduced matrix elements for the 3 P 0 → 1 G 4 transition. We therefore calculated the reduced matrix elements for all transitions from the 3 P 0 level and 19 we calculated the relative intensities of the transitions. From these relative intensities it follows that the 3 P 0 → 3 H 4 transition is more that 20 times more probable than the 3 P 0 → 1 G 4 transition. To understand what the dominant energy transfer process will be, one must also take into account the different probabilities of the different mechanisms. First-order energy transfer processes are typically 10 3 times more probable than second-order processes. 5 Thus for the cooperative process to be competitive with the crossrelaxation process, the difference in dipole strength must be a factor 1000 instead of the factor 20 that we have calculated. The fact that we observe energy transfer through a first-order dipole-dipole cross-relaxation process is therefore consistent with theory.
V. CONCLUSIONS
We have studied the energy transfer mechanism for downconversion in the ͑Pr 3+ , Yb 3+ ͒ couple in LiYF 4 . Luminescence decay curves of the donor emission were recorded for varying acceptor concentrations. We compared the decay traces with simulated decay curves for both first-and secondorder energy transfers, using Monte Carlo simulations. This shows that first-order energy transfer by cross relaxation is the dominant energy transfer mechanism and not cooperative energy transfer. Analytical calculations of the decay curves confirm the results from the simulations. Evaluation of the Judd-Ofelt theory shows that the 3 P 0 → 1 G 4 transition, essential for cross relaxation, has a low oscillator strength which reduces the cross-relaxation rate, but this is compensated by the 10 3 times higher probability for first-order energy transfer, compared to cooperative energy transfer. 
